The onset and progress of Friedreich's ataxia (FRDA) is associated with the genetic instability of the (GAA) Á (TTC) trinucleotide repeats located within the frataxin gene. The instability of these repeats may involve the formation of an alternative DNA structure. Poly-purine (R)/poly-pyrimidine (Y) sequences typically form triplex DNA structures which may contribute to genetic instability. Conventional wisdom suggested that triplex structures formed by these poly-purine (R)/poly-pyrimidine (Y) sequences may contribute to their genetic instability. Here, we report the characterization of the single-stranded GAA and TTC sequences and their mixtures using NMR, UV-melting, and gel electrophoresis, as well as chemical and enzymatic probing methods. We show that the FRDA GAA/TTC, repeats are capable of forming various alternative structures. The most intriguing is the observation of a parallel (GAA) Á (TTC) duplex in equilibrium with the antiparallel Watson-Crick (GAA) Á(TTC) duplex. We also show that the GAA strands form self-assembled structures, whereas the TTC strands are essentially unstructured. Finally, we demonstrate that the FRDA repeats form only the YRY triplex (but not the RRY triplex) at neutral pH and the complete formation of the YRY triplex requires the ratio of GAA to TTC strand larger than 1:2. The structural features presented here and in other studies distinguish the FRDA (GAA) Á (TTC) repeats from the fragile X (CGG) Á(CCG), myotonic dystrophy (CTG) Á (CAG) and the Huntington (CAG) Á(CTG) repeats.
Introduction
DNA has long been thought of as a genetic reservoir of information, being passive and stable through numerous cellular processes. However, this picture is changing. Since 1991, more than ten human neurological/muscular diseases have been associated with chain length expansions of trinucleotide repeats (CGG) n Á(CCG) n , (CAG) n Á(CTG) n , and (GAA) n Á(TTC) n (reviewed by . Unstable disease-associated trinucleotide repeats (TRs) are found in various regions of the associated genes, such as 3 H and 5 H -untranslated regions, exons and introns. The length of these repeats is closely related to the onset and progression of clinical symptoms. Usually, the process of TR mutation runs through several generations, from stable to pre-mutation and ultimately full expansion. In recent years there have been intense efforts in understanding the molecular mechanism(s) of triplet repeat instability.
Friedreich's ataxia (FRDA) patients have an unstable repeat in the ®rst intron of the X25 gene, which contains seven exons and encodes different protein isoforms (Campuzano et al., 1996) . The most common isoform is a protein called frataxin whose absence in affected patients can be caused by an expansion of the GAA tract. Among the TR expansion disorders, FRDA has very unique properties on the molecular level. Foremost, it is associated with (GAA) n Á (TTC) n , which is presently the only non GC-rich triplet to be associated with expansion. Furthermore, it is the only diseaseassociated repeat located within an intron. Lastly, unlike all other diseases associated with TR expansions, FRDA is an autosomal recessive disease, requiring expansions (or mutations) at both alleles (Montermini et al., 1997) . The TR distribution of (GAA)Á(TTC) lengths is mosaic (Cossee et al., 1997) , with the normal-size alleles containing 7-34 repeats (most frequent n 9), the intermediate unstable alleles (pre-mutation) contain more than 34 repeats, and the expanded alleles (full mutation) contain from 200 to more than 1000 repeats. In addition, long GAA tracts interrupted by (GAG-GAA) n repeats have been shown to be genetically stable (Cossee et al., 1997) with partial or complete suppression of disease expression.
The molecular mechanism of trinucleotide repeat instability is poorly understood. One hypothesis is that the trinucleotide repeats form a stable non-B-DNA structure(s), which can lead to aberrant DNA replication, repair, or recombination (Sinden & Wells, 1992; Richards & Sutherland, 1994; Samadashwily et al., 1997; Jakupciak & Wells, 1999 ; reviewed by . Indeed, recent solution structure studies of single-stranded and cloned TRs suggest the formation of hairpins and duplexes Zheng et al., 1996; Mariappan et al., 1998) , hairpins (Nadel et al., 1995; Yu et al., 1995a; Lian et al., 1996; Pertruska et al., 1996; Darlow & Leach, 1998; Suen et al., 1999) , triplexes (Ohshima et al., 1996; Bidichandani et al., 1998; Mariappan et al., 1999) , quadruplexes (Kettani et al., 1995; Usdin & Woodford, 1995; Usdin, 1998) , slipped structures (Pearson & Sinden, 1996; Pearson et al., 1997 and other unusual structures Mitchell et al., 1995; Sakamoto et al., 1999) .
There has been accumulating evidence that the homo-purine/homo-pyrimidine (GAA) Á(TTC) repeats of FRDA can form secondary structures such as intra or inter-allelic triplex of the RRY or YRY types (Hanvey et al., 1988a,b; Ohshima et al., 1996; Bidichandani et al., 1998; Mariappan et al., 1999; Sakamoto et al., 1999) . The formation of these triple-stranded structures may explain the observed in vitro replication pausing (Ohshima et al., 1998) and stabilization of the inter-plasmid aggregate DNA (Sakamoto et al., 1999) . Presumably, these alternative DNA structures can also inhibit transcription of the frataxin gene, resulting in decreases in RNA transcripts (Campuzano et al., 1996; Ohshima et al., 1998) and/or in abnormal RNA processing (Bidichandani et al., 1998) .
To understand the mechanism of FRDA-associated (GAA) Á(TTC) repeat instability it is important to understand the DNA structures formed by this repeat. In this report we analyzed structure formation by individual strands and complementary mixtures of (GAA) n and (TTC) n oligonucleotides. Under physiological conditions, through the use of NMR, UV-melting, and gel electrophoresis, as well as chemical and enzymatic probing methods, we demonstrate that in addition to the expected antiparallel duplex and YRY triplex, these sequences can form a parallel-stranded duplex.
Results

Sequence design
In this study we used two 13-mer sequences; (GAA) 4 G and C(TTC) 4 (abbreviated (GAA) and (TTC), respectively). These were studied both alone as individual strands and as complementary strand mixtures. The sequences have pseudosymmetry, and thus present no bias towards sequence alignment in either orientation in duplexes or triplexes. For instance, an antiparallel-stranded duplex (apsduplex) (Figure 1(a) ) involving AÁT and GÁC basepairs and a parallel-stranded duplex (ps-duplex) (Figure 1(b) ) of the same base-pairs may have an equal chance of forming without shifting base alignments. Similarly, in either the RRY triplex ( Figure 1(c) ) or the YRY triplex (Figure 1(d) ), the third strand (R or Y) may be in an aps or a ps orientation relative to the R strand of the duplex (Sinden, 1994; Soyfer & Potaman, 1995) . These two forms would also have an equal chance to compete. In all, the 13-mer sequences would potentially allow the formation of six possible structures in a linear form (Figure 1 ). Additional structures may be possible if hairpin formation is involved.
NMR and UV experiments
Single-stranded GAA and TTC The formation of possible structures was monitored by 1 H one-dimensional (1D) NMR spectroscopy. The individual strands were ®rst studied at pH 6.4 in NMR buffer (see Materials and Methods). Temperatures were varied between 0 and 25 C. At all temperatures the one-dimensional spectra of the C(TTC) 4 strand contained only a broad hump at $10.8 ppm (Figure 2(a) ) and no resonances down®eld from this point. In contrast, the (GAA) 4 G strand exhibited a clear temperature transition: at room temperature the spectra revealed broad resonances at 10.5 ppm (data not shown) while at low temperature (below 10 C) 1 H NMR signals centered around 9.5 and 11 ppm appeared (Figure 2(b) ). The position and chemical shift dispersion showed that these are hydrogen bonded (H-bonded) protons from G NH (imino H) and G/ A NH 2 (amino H) resonances (Maskos et al., 1993) . The temperature transition of the (GAA) 4 G strand suggested the formation of an intra-strand structure. To further investigate this the spectra of the shorter (GAA) 2 and (GAA) 3 strands were also investigated. At all temperatures the spectra for the (GAA) 2 and (GAA) 3 were similar to the spectra for the (GAA) 4 G at room temperature, showing broad resonances at 10.5 ppm and no resonances at further down®eld spectral region (data not shown). This indicates a length-dependence of intra-strand GAA structure formation. UV melting of the isolated (GAA) 4 G and C(TTC) 4 sequences were recorded from 0-90 C. The 13-mer TTC measured nearly null hyperchromicity, while the 13-mer GAA exhibited hyperchromicity of larger than 10 % but no clear transition point (data not shown). These results further support the formation of an intra-strand structure by the GAA and not by the TCC strand.
Titration experiments
The (GAA) 4 G strand was mixed with increasing amounts of its complementary strand C(TTC) 4 , resulting in various ®nal ratios of (GAA):(TTC) (unless otherwise indicated, the ratio refers to that of (GAA):(TTC) strands) as illustrated on the top of Figure 3 . The formation of possible structures in the mixtures was monitored by 1D 1 H NMR at 10 C and pH 6.4. Upon addition of the TTC strand, the NMR spectra showed simultaneous appearance of the base-paired NH (12-14 ppm) and disappearance of the NH resonances of the free ssGAA at 10 ppm. The ®nal spectrum of the titration at the 1:1 ratio of (GAA):(TTC) is shown in Figure 3 (a). Upon addition of excess TTC (a 1:2 stoichiometric ratio of (GAA):(TTC), Figure 3(b) ), the duplex resonances were unchanged while an additional set of resonances were observed at 9-10 and 12-15 ppm (Figure 3(b) ). These signals are characteristic of NH in protonated C (C , down®eld from 14 ppm) and C NH 2 (8-10 ppm) (Radhakrishnan et al., 1991) . Interestingly there was also the appearance of a broad hump at 10.8 ppm, which corresponded to the non-H-bonded NH observed in ssTTC (Figure 2(a) ). In order to drive the hybridization to completion, the (GAA):(TTC) ratio was increased to 1:4 (Figure 3(c) ). At this ratio, the resonances associated with the 1:1 ratio disappeared and only the resonances associated with the 1:2 ratio and ssTTC were observed.
To probe whether the 2:1 (GAA):(TTC) triplex could form, a 4:1 (GAA):(TTC) sample was examined at 10 C. The spectra were otherwise identical with that of 1:1 (GAA):(TTC) (Figure 3(a) ), except for additional signals consistent with those observed for ssGAA. The spectra were not affected by pH (pH 5 to 7). The effect of Mg 2 on the 4:1 (GAA):(TTC) sample was examined by increasing MgCl 2 concentration from 0 to 2.5 mM at pH 5.9. The NMR spectra of the Mg Characterization of the 1:1 and the 1:2 (GAA):(TTC) samples Both the 1:1 and 1:2 (GAA):(TTC) samples were characterized using NOESY spectra. While detailed structure elucidation was beyond the scope of this study, the purpose of these experiments was to identify whether these samples displayed spectral patterns typical of canonical duplexes or YRY triplexes.
The NOESY spectrum of the 1:1 sample revealed intra and inter-residue connectivities as expected in a canonical antiparallel-stranded duplex. This is illustrated in an expanded spectral region involving interactions from base (H6/H8) to sugar H1 H protons (Figure 4) . Although extensive overlaps exist in this sample containing repeat sequences, careful analysis by standard methods (Wu È thrich, 1986 ) allowed derivation of important information. The assignment for the GAA strand began with the terminal G 1 and G 13 residues, which were well resolved, allowing the assignments of G 1 -A 2 -A 3 -G 4 and A 12 -G 13 connectivities. Since there was a clear repeating pattern in the spectrum corresponding to the triplet repeats in the sequence (consider the three types of resonances: G, A (3 H to G) and A (5 H to G) and three sequential steps: G-A, A-A, and A-G), these assignments provided leads for the assignments of other resonances. The intra-residue G interactions (G 3n 1 H8-G 3n 1 H1
H ) (n 1, 2 or 3) and half the A intra-residue interactions were identi®ed; the remaining resonances of H8 and H1 H protons were then assigned according to their types (indicated by boxes in Figure 4 ). The G H8 resonances were clustered around 7.5 ppm and A H8 were clustered around 8.0 and 7.9 ppm, respectively for the A 3 H to G and the A 5 H to G, respectively. Following these qualitative assignments, the sequential connectivities at the G-A (G 3n 1 H1
H /A 3n 2 H8) and A-G (A 3n 3 H1 H / G 3n 1 H8) were found (Figure 4 ). The sequential NOE connectivities at the A-A step (A 3n 2 H1 H / A 3n 2 H8) were only partly distinguishable, since these resonances were overlapped with the A intra-residue NOEs. The NOE cross-peaks of the C(TTC) 4 strand were analyzed in a way similar to those of the (GAA) 4 G strand and the NOEs involving the four terminal residues (C 1 , T 2 , T 12 and C 13 ) were assigned. Although extensive overlaps of the NOE cross-peaks existed for the TTC strand (Figure 4 ), spectral pattern recognition based on the assignments of the terminal residues provided qualitative information for the intra and interresidue NOE connectivities (Figure 4 ).
The 1:2 sample NOESY recorded in 2 H 2 O contained a set of NOE cross-peaks identical with those detected in the 1:1 sample. A few additional weak cross-peaks were detected but their assignments were not possible due to the uncertainty in assigning the majority of resonances. However, the most informative results were derived from NOESY recorded in H 2 O. The spectrum showed cross-peaks connecting NH 2 at 9.5 ppm to sugar protons at 7.5 ppm (data not shown). These are H sugar protons (F1 dimension) and H6/H8 base protons (F2 dimension). Assigned peaks are indicated by their residue number and, overlapped and/or equivalent cross-peaks are boxed and labeled. Arrows indicate sequential assignments, from 5 H to 3 H for the GAA strand. C* indicate C H5/C H6 interactions.
(GAA) Á (TTC) Forms Parallel-stranded and Triplex DNA inter-strand proton-proton contacts characteristic of ps-YRY triplexes (Radhakrishnan et al., 1991) .
31 P NMR spectra of the 1:1, the 1:2 and the 1:4 (GAA):(TTC) samples were recorded (data not shown). These data showed narrowly dispersed resonances within 0.7 ppm, suggesting no major distortions in phosphate backbones in the structures present under the experimental conditions. This indicates that there were no gross backbone alterations (as would be expected for hairpin or hairpin-like structures).
UV spectroscopy
The same samples used for the NMR experiments were also used to study the UV melting behavior of the DNA structures. As noted above, the pro®le of the free ss(TTC) is remarkably¯at (R 0.00) indicating a random coil structure. This is in contrast to the free ss (GAA) pro®le, which has a hyperchromicity of 0.15, indicating the formation of a de®ned structure. Figure 5 displays the UV melting pro®les of the 1:1, 1:2 and 1:4 (GAA):(TTC) samples measured at pH 6.4. Since isolated C(TTC) 4 hardly showed hyperchromicity, its contribution in the 1:2 and 1:4 samples was ignored. The 1:1 sample presented a single transition (t m 37 C, ÁG À 8.0 kcal/mol), whereas the 1:4 (GAA):(TTC) ratio sample displayed two successive transitions (t m,1 24 C, ÁG 1 À 5.0 kcal/mol and t m,2 41 C, ÁG 2 À 8.0 kcal/mol). The two transitions of the 1:4 sample were characteristic of a triplex structure (Howard et al., 1964; Blake & Fresco, 1966; Riley et al., 1966; Morgan & Wells, 1968; reviewed by Felsenfeld & Miles, 1968) , in agreement with the NMR data of this sample. The melting curve of the 1:2 sample appeared to be intermediate between the 1:1 and 1:4 samples with the ®rst transition less pronounced. The hyperchromicity increased from the 1:1 (R 0.155) to the 1:4 (GAA) Á(TTC) ratio (R 0.325).
Gel electrophoresis experiments
pH, strand ratio and Mg 2 studies
Polyacrylamide gel electrophoresis was performed on the same samples in parallel with the above NMR and UV experiments. Figure 6 shows the native gel pro®le of different (GAA) :(TTC) At a pH of 8.3 a fast migrating (FM) product was observed when (GAA):(TTC) ratios were larger than 1:1 and when the 32 P was on the GAA strand ( Figure 6 (b)). Increasing amounts of the FM species were observed with increasing amounts of the TTC strand, with relative amounts of the FM:duplex at 20:80 for the 1:2 and 30:70 for the 1:4 strand ratios. This FM species could not be detected autoradiographically when the 32 P was on the TTC strand ( Figure 6(b) ). The FM species could be detected by Stains-All (Sigma), along with both free single strands and the Watson-Crick duplex (Figure 6(c) ). The formation of the FM product absolutely required the presence of both (GAA) and (TTC) strands and was independent of DNA concentration (40 nM to 400 mM) (data not shown). However, the FM species did not appear to contain the (TTC) strand (Figure 6(b) , compare the 1:2 and 1:4 ratios where the *(GAA) 4 G or the *C(TTC) 4 strands are radiolabeled). While its formation was observed only in mixtures of the two complementary strands, the FM species seemed to contain only the (GAA) strand, as it was observed by autoradiography only when the (GAA) was radiolabeled (Figure 6(b) ).
Magnesium ions can affect DNA conformation and alternative structure formation (Sinden, 1994; Soyfer & Potaman, 1995) . The addition of 20 mM MgCl 2 during the hybridization and during electrophoresis did not enhance the formation of triplex or of the FM species (data not shown). However, the inclusion of MgCl 2 did alter the relative migration of the ss(GAA) and ss(TTC) such that they co-migrated (data not shown). Also, the FM band disappeared and the duplex formation was enhanced, indicating an effect of Mg 2 on the equilibria of structure formation. Spermine can affect DNA triple-stranded structure formation (Sinden, 1994; Soyfer & Potaman, 1995) . The addition of spermine (300 mM) during the hybridization did not alter the observed electrophoretic pattern of any of the products (data not shown).
FM component analysis by 32 P-relabeling
The fact that the formation of the FM species required the presence of both the (TTC) and the (GAA) strand but was visible only when the (GAA) strand was radiolabeled presented somewhat of a conundrum: Why was the FM species not observed autoradiographically when the (TTC) strand was radiolabeled? We performed the same experiment as that of Figure 6 (b) with a 1:4 ratio of radiolabeled ( 32 P) *(GAA) 4 G strand to a non-radioactively phosphorylated ( preparative quantities of FM were made and gelpuri®ed. An aliquot of the gel-puri®ed FM species was heat-denatured and subjected to a second round of radiolabeling on the 5 H end. These samples were analyzed on a sequencing gel to compare the gel-puri®ed FM species before and after the secondary labeling (Figure 7(b) ). Taking advantage of the differential migration of the single strands on a sequencing gel, Figure 7 (b) shows that the relabeled FM is a mixture of both complementary single strands. Therefore, the FM species is composed of both the (GAA) and the (TTC) strands but is limited to only (TTC) strands without a 5 H -phosphate. That the FM species can be formed with the (GAA) strand regardless of its 5 H status is evidenced by its detection both by autoradiography [ Chemical probing of the base-pairing of the FM species G to I (inosine) substitutions in the GAA strands (G7/I7 in one duplex) ( Figure 8 ) and G4/I4 and G7/I7 in a second duplex (not shown) were performed to provide evidence of the possible parallel duplex nature of FM. Inosine, which lacks the N2 amino group, is an analog of G. As a result, parallel duplex formation is largely destabilized due to the instability of IÁC parallel base-pairs (Scheme 1). By contrast, the antiparallel I ÁC Watson-Crick base-pair is only slightly destabilized since two hydrogen bonds are still present. Therefore, I substitution is expected to destabilize the formation of the FM band more than the antiparallel duplex. It was found experimentally that a single I substitution of the central G7 residue was suf®cient to abolish the FM formation (Figure 8) , thereby supporting the notion that the FM species was in fact a parallel duplex. (Substitution of both G4 and G7 with I had an identical effect.) At 1:4 G*:C ratio, only the antiparallel duplex band is present when the GAA strand contains I substitution(s), while both the antiparallel duplex and the FM band are present when the GAA strand contains no substitutions (Figure 6(b) ). Although a lesser effect, the destabilization of the antiparallel duplex by the I substitution in the GAA strand is clearly detectable in these gel electrophoresis experiments. As the ratio of the two single-stranded DNAs varied from G*:C (or G:C*) 1:4 to 4:1, the duplex to single strand transition was observable from the gradual disappearance of the duplex band and appearance of an average band migrating between the duplex and the labeled single strand. This re¯ects an increased melting rate of the duplex in relation to gel migration time. In the experiments using unmodi®ed GAA strand, the duplex and single strands were observed as isolated bands, indicating the melting of the duplex was very slow during gel migration.
Chemical modi®cation of N7 positions of G residues with dimethylsulfate (DMS) was performed to determine if Hoogsteen base-pairing contributed to the DNA structures. DNA structures involving Hoogsteen base-pairs are destabilized by DMS methylation of the G N7 position. Parallel-stranded duplex DNA is not expected to be affected by DMS methylation, since there are interactions only between Watson-Crick sites (Scheme 1). The classical approach to chemical modi®cation consists of treating the already formed structure with DMS in a protection-type experiment. However, our approach was to ®rst methylate to completion all G N7 positions of the (GAA) single strand, and then study the products of its hybridization with the (TTC) single strand. As expected, at pH 5.0 the methylation abolished triplex formation by preventing Hoogsteen base-pair formation (Figure 9(a) ). However, methylation did not inhibit FM formation at either pH 5.0 (Figure 9(a) ) or pH 8.3 (Figure 9(b) ). In fact, methylation favored the FM structure relative to the antiparallel form: following DMS treatment, the relative amounts of the FM parallel species relative to the antiparallel species was 50:50 and 70:30 at pH 5.0 and pH 8.3, respectively (compare this to the unmethylated DNAs having relative amounts of 0:100 and 30:70 at pH 5.0 and pH 8.3, respectively) (Figure 9(a)  and (b) ). Thus, in the FM structure, there are no hydrogen bonds involving G N7 positions, consistent with a parallel-stranded duplex structure.
A characteristic difference between antiparallel and parallel-stranded DNAs is their differential ability to bind the drug BBI-258 and their similar ability to bind ethidium bromide Jovin et al., 1990) . These were used as staining agents in order to elucidate the structural characteristics of the FM species. We were unable to detect binding of either BBI-258 or of ethidium bromide to any of our (GAA) Á(TTC) species (data not shown). The lack of binding by BBI-258 may be due to its requiring a stretch of four consecutive AÁT residues (Wang & Teng, 1990) , which is absent in our sequences. The inability to detect binding of ethidium bromide by (GAA) Á(TTC) may be speci®c to these sequences, and may not necessarily be due to reduced binding but to abolished¯uorescence (Latimer & Lee, 1991) .
Enzymatic probing of the structure of FM Parallel-stranded DNAs exhibit substrate properties which differ from regular B-DNA antiparallel duplexes (Rippe & Jovin, 1989) . Parallel-stranded DNAs are insensitive to Escherichia coli exonuclease III (Exo III) due to the absence of a distinct minor or major groove. We determined the Exo III sensitivity of the various structural species in a 1:4 (GAA):(TTC) mixture at pH 5.0 (Figure 10(a) ) and pH 8.3 (Figure 10(b) ). At pH 5.0 the slow migrating triplex was completely digested by the addition of low levels of Exo III, whereas the duplex was resistant (Figure 10(a) , see 1Â and 10Â concentration). As expected, higher Exo III concentrations also digested the duplex form (Figure 10(a) , see 100Â and 1000Â concentration). For samples hybridized at pH 8.3 (Figure 10(b) ), the FM species was strikingly resistant to Exo III digestion, even at concentrations which completely digested the antiparallel duplex form (Figure 10(b) , compare relative sensitivities of the duplex and FM species at 10Â and 100Â Exo III concentrations). The resistance to Exo III digestion of the FM species is consistent with a parallel duplex DNA (Rippe & Jovin, 1989) .
Discussion
Using NMR, UV and gel electrophoresis, we have examined both (GAA) n and (TTC) n strands individually or combined at (GAA):(TTC) ratios of 1:1-1:10 at pH 5.0-8.3. These studies have identi®ed the following structural characteristics of GAA and CTT repeats: (a) the isolated (GAA) n is capable of self-association to form meta-stable structure(s) at a chain length longer than n 3. ssGAA is most likely not a hairpin; (b) C(TTC) 4 does not exhibit low-energy, self-associated forms; (c) mixtures of 1:1 (GAA):(TTC) form a stable aps-duplex at all pHs and temperatures used in this study; (d) mixtures of 1:2 (GAA):(TTC) form a YRY triplex, which has a transition point at pH $ 7.0 and is more stable at lower pH; (e) the RRY triplex, containing 2:1 (GAA):(TTC) is too unstable to form; (f) limited screening of the effect of Mg 2 found no evidence that the ion has a special effect on any structure formation (except for a small effect on the electrophoretic migration of ssGAA); and (g) most interestingly, gel electrophoresis, and chemical and enzymatic probing identi®ed a parallel-stranded duplex formed between one GAA and one TTC strand, which does not contain a 5
H -PO 4 . This psduplex migrates as a fast migrating (FM) species on a polyacrylamide gel.
Single-stranded oligonucleotides
The 13-mer C(TTC) 4 sequence exhibited no UV hyperchromicity, no H-bonding by NMR and faster gel migration than a 12-mer duplex marker. These results clearly establish that the ssTTC sequence does not form any stable or meta-stable structures. Although antiparallel TÁT and CÁC base-pairing are possible mismatches (Saenger, 1984) and could allow ssTTC to align to form an antiparallel duplex, there is no evidence in this study to support the formation of this structure by the ssTTC strands.
In contrast, the 13-mer (GAA) 4 G exhibited different UV, NMR and electrophoretic features. The UV melting of (GAA) 4 G was broad and displayed a hyperchromicity of >10 %, indicating extensive base stacking in the sequence. 1D NMR experiments (at 10 C) showed, in particular, imino and amino proton resonances at 11 and 9-10 ppm, respectively (resonance assignment by 2D NOESY in H 2 O, data not shown). The chemical shift dispersion and their down®eld resonance frequency indicated that these functional groups are involved in H-bonding. The native gel mobility of (GAA) 4 G is faster than the C(TTC) 4 , although the mass of the (GAA) 4 G is larger and its mobility is expected to be slightly slower or the same as the C(TTC) 4 . Under denaturing conditions, ssGAA indeed migrates slower than ssTTC. Thus, the fast gel mobility of (GAA) 4 G under non-denaturing conditions may be associated with the formation of somewhat more compact structure by GAA repeats. This assessment was further supported by the Mg 2 sensitivity of (GAA) 4 G on gel electrophoresis, at pH 8.3. The gel mobility of (GAA) 4 G was also in line with what we have demonstrated previously for the (CGG) n , (CCG) n (CAG) n , and (CTG) n TRs: the structured homo-stranded multiplexes tend to migrate faster than the non-structured single-stranded sequences (Zheng et al., 1996) . Shorter (GAA) n repeats (n 2 and 3) were also examined by NMR. Unlike the 13-mer (GAA) 4 G, the 1D NMR spectra of these sequences contained only a broad exchangeable resonance, clearly Hbonds were not formed. The difference in the NMR spectral appearance of (GAA) n sequences of various chain lengths suggest two points: (a) the (GAA) n of four to six repeats are unlikely to form hairpins; and (b) there is a chain-length dependence on the biophysical stability of self-structured GAA. These properties of the (GAA) n translate into a higher energy barrier for the (GAA) n strand to self-fold than that for other disease-related TRs such as (CGG) n , (CCG) n (CAG) n , and (CTG) n .
Other triplet repeat sequences (including (CGG) n , (CCG) n (CAG) n , and (CTG) n repeats) form both inter-molecular (same strand) homoduplexes and intra-molecular hairpins (reviewed by Gao et al., 1998; . Our previous studies demonstrated that these repeats of similar lengths (i.e. n 2 and 3) form antiparallel samestrand homo-duplexes whose high-resolution structures have been elucidated (Gao et al., 1998) . On native polacrylamide gels the migration of inter-molecular duplexes is characteristically slower than that of their corresponding WatsonCrick duplexes (Chen et al., 1995; Petruska et al., 1996; Mariappan et al., 1998) , whereas the migration of the intra-molecular hairpins is faster than that of their complementary base-paired duplexes (Mitchell et al., 1995; Mitas et al., 1995a Petruska et al., 1996) . Using isolated GAA or TTC oligonucleotides we were unable to detect either inter-molecular (same-strand homoduplexes) or intra-molecular hairpins. This contrasts with the ®nding by Mitas and colleagues (Suen et al., 1999) , who reported the formation of hairpins by singlestranded GAA oligonucleotides at 5 C but not at >25 C. Our inability to detect hairpin formation by the GAA strand is likely due to differing experimental conditions. However, in hybridization mixtures of the two complementary strands we demonstrated here that (GAA) 4 G and C(TTC) 4 triplet repeat sequences are able to form various structures including the Watson-Crick antiparallel duplex, triplex DNA and parallel-stranded DNA.
Triple helix formation
Two types of triplex, YRY and RRY, could potentially form between the GAA and TTC trinculeotide repeats ( Figure 1 and Scheme 1). The characterization of these structures using NMR, UV and gel electrophoresis has been well established (Radhakrishnan & Patel, 1994; Soyfer & Potaman, 1995) . Triplexes exhibit much slower electrophoretic mobility than their corresponding duplexes due to their larger mass. In temperaturedependent UV melting, triplexes are likely to give a two-state transition corresponding to the dissociation of the third strand and then the dissociation of the duplex. The NMR spectra of triplexes contain many unique features, but the most distinct and easily recognizable is NOEs linking exchangeable NH and NH 2 with sugar protons. These NOEs are not present in canonical duplexes. The RRY and YRY triplexes are distinguishable, since the YRY triplex is pH-dependent due to the requirement of C N3 protonation and the amino and the N H resonances of the protonated C (C ) appear at 9-10 and >14 ppm, respectively. These resonances are unusual for the canonical antiparallel Watson-Crick duplexes.
The orientation of the triplex formed between (GAA) 4 G and C(TTC) 4 may be either parallel or antiparallel; it has been reported that the latter orientation is preferred when numerous GA steps are present (Sun et al., 1991) . Several studies using a single oligonucleotide composed of mixtures of both GAA and TTC repeats (Gacy et al., 1998; Mariappan et al., 1999) reported triplex formation only in the parallel orientation. However, triplex formation by these oligonucleotides was forced by the juxtaposition of the two repeats in a single chain. Furthermore, the parallel alignment of this triplex was predetermined by the relative orientation of the sequences within the chain (Gacy et al., 1998) . It has previously been shown that (GAA) 9 Á(TTC) 9 inserts in recombinant plasmids were able to form a parallel YRY triplex (Hanvey et al., 1988b) . The high degree of overlap in our NMR spectra prevented the determination of the orientation of the third strand as described elsewhere (Feigon et al., 1995) .
In our experiments, Exo III showed increased nuclease activity on the triplex compared to the duplex. Triplex formation was reported to transiently protect a part of a linear purine-rich plasmid from Exo III digestion (Takabatake et al., 1992) . However, in other triplexes the third strand involved in only Hoogsteen base-pairing within a triplex can present sensitivity towards Exo III (Roy, 1993 (Roy, , 1994 or other enzymes (Krasilnikov et al., 1997) . The increased sensitivity of oligonucleotide (GAA) Á(TTC) triplexes may be due to the short size of the repeat.
Our efforts to form the 2:1 (GAA):(TTC) RRY triplex were unsuccessful. Our conditions included variation of pH from 5.0 to 8.3, variation of the Mg 2 concentration up to 20 mM and inclusion of the well-recognized triplex-stabilizer spermine (Soyfer & Potaman, 1995) . Similarly, Bidichandani et al. (1998) did not observe any inter-molecular RRY triplex using a cloned (GAA) 11 Á (TTC) 11 repeat. The inability to form the RRY triplex may be due to the low GC-content of (GAA) Á (TTC) causing this system to be de®cient in the main triplex-stabilizing effects characteristic of GGC base-pairing (Xodo et al., 1993) .
Complementary strand parallel duplex
Our experimental results suggest that the FM species we observed is a parallel-stranded duplex formed between GAA and the TTC (Figure 1 ). As ®rst described by colleagues in 1988 (van de Sande et al., 1988 ; reviewed by Rippe & Jovin, 1992) parallel-stranded DNA is a duplex where the polarity of the two base-paired strands is the same (Figure 1 ). This is opposite to the normal Watson-Crick duplex where the polarity is antiparallel. In parallel-stranded DNA the basepairs are in a reverse Watson-Crick fashion (Scheme 1), such that one nucleotide (the base and the ribose sugar) has essentially¯ipped 180 with respect to the complementary nucleotide. The three hydrogen bonds present in GÁC Watson-Crick base-pairs are reduced to two in G ÁC parallel basepairs. Therefore, I substitution of G residue(s) allows chemical probing of the hydrogen bonding status of G N2 in the FM species. Compared to G ÁC base-pairs, reverse IÁC base-pairs are strongly destabilized and parallel duplex formation is reduced correspondingly. However, the absence of N2 amino in I only moderately destabilizes IÁC Watson-Crick base-pairs and antiparallel duplex formation. Furthermore, in neither Watson-Crick nor in reverse Watson-Crick base-pairing schemes is the N7 position of the G residue used for hydrogen bonding. Hoogsteen base-pairs use the C6-N7 face of the purine for hydrogen bonding with the N3-C4 face of the pyrimidine (Scheme 1), thus explaining their susceptibility to N7 modi®cation agents such as DMS. Neither Hoogsteen nor reverse Hoogsteen base-pairing schemes, both of which use G N7 positions, is likely to participate in the formation of the FM species.
Several lines of experimental data suggest that the FM species we observed at pH 8.3 is a parallel duplex. First, using gel electrophoresis we demonstrated that the FM structure is composed of both the (GAA) and (TTC) strands. Second, the faster electrophoretic mobility of the FM species relative to the antiparallel duplex was also consistent with a parallel duplex (Rippe & Jovin, 1992) . Third, the FM requires hydrogen bonding of the G N2 position as indicated by G to I substitution. Fourth, the methylation of all G N7 positions by DMS inhibited triplex but not FM formation, con®rming that the Hoogsteen sites are not involved in the latter. (Interestingly, the FM species was observed at pH 5.0 only when DMS-inhibited triplex formation was inhibited by methylation of all G N7 positions, indicating a possible shift in equilibrium.) Finally, the FM species was resistant to Exo III, a characteristic of parallel duplex (Rippe & Jovin, 1992) .
Interestingly, the formation of the FM species required the presence of both the (TTC) and the (GAA) strands but could be detected by autoradiography only when the (GAA) strand was radiolabeled. Our experiments indicated that the FM species is composed of both strands but that its formation was speci®c to only the (TTC) strands containing 5 H -OH (i.e. those that were not radiolabeled) and excluded (TTC) strands with a 5 H -PO 4 . Such an end-effect has previously been reported (Yoon et al., 1993) for triplex formation, such that a 5 H end phosphate on the strand involved in both Hoogsteen and Watson-Crick base-pairing completely inhibited the binding of the third strand relative to the same strand with a 5 H -OH. A similar effect of the 5 H phosphorylation status of the (TTC) strand may affect parallel duplex formation.
Our NMR analysis of (GAA):(TTC) mixtures did not reveal the formation of a structure typical of parallel-stranded duplex. This may be due to two reasons: the relatively unstable nature of the ps-duplex compared to that of the aps-duplex and/or stability of the ps-structure is chain lengthdependent. Electrophoresis gel matrix and buffer conditions may help to stabilize the ps-duplex but these conditions cannot be duplicated in NMR experiments. We are presently extending our studies to longer repeats in which the ps-structure may gain suf®cient stability to be studied at high resolution by NMR. Several sequences have been reported to form parallel-stranded duplexes, these ps-motifs include C-rich (C ÁC), AT-rich (ps A Á T), dinucleotide CG (ps C ÁC and G ÁG), (AG)Á (AG) (ps G ÁG, A ÁA ) and (GA)Á (GT) dinucleotide repeats (ps GÁG and AÁT), GAC trinucleotide repeats (ps GÁG, AÁA, and C ÁC) (Zheng, 1997) , or GATC tetranucleotides (ps GÁG, AÁA, TÁT and C ÁC) (Cruse et al., 1983; Rippe & Jovin, 1992; Dolinnaya et al., 1997; Germann et al., 1995; Gao et al., 1998; Robinson & Wang, 1993; Robinson et al., 1992) . These diverse sequence compositions of ps-duplexes manifest different properties. Some ps-duplexes have been reported to be stable at low to neutral pH conditions, partly due to the required protonation of C and A residues. Several ps-structures have been elucidated to provide atomic details of ps-base-pair formation and unique features of ps-duplexes (Cruse et al., 1983; Germann et al., 1995; Zheng, 1997; Robinson & Wang, 1993; Robinson et al., 1992; Wang & Patel, 1994) . Our results and those reported in the literature (vide supra) suggest that ps-duplexes are stable structural motifs and their formation may be more common than conventionally thought. The (GAA) Á(TTC) ps-duplex adds a new structure to the alternative DNA structures formed by trinucleotide repeats.
Structural diversity and dynamic equilibrium Table 1 summarizes the dependence of structure formation upon changes in pH and strand ratio. Given the right conditions, an equilibrium may exist, for example, among the ps and aps-duplexes, ssTTC and the YRY triplex (neutral pH). At pH 8.3 in electrophoretic experiments, the aps-duplex is surprisingly in equilibrium with both ssGAA and ssTTC. At lower pH, in NMR and gel electrophoresis experiments the 1:2 (GAA):(TTC) YRY triplex formed is in equilibrium with the aps-duplex and ssTTC. The self-structured ssGAA imposes another equilibrium to the system, competing with the formation of other alternative structures. Clearly, TRs, such as (CGG) n , (CCG) n (CAG) n , and (CTG) n are characterized by diverse structural forms in dynamic equilibrium. In (CGG) Á(CCG) and (CAG) Á(CTG) TRs, single-stranded sequences may self-associate to form hairpins or bi-stranded duplexes, or a new duplex motif, the e-motif (for CCG TRs), containing mismatches in every third position along the sequence (Gao et al., 1998) . Thē uxional mismatches in these homo-stranded duplexes create a broad spectrum of sequencedependent properties which do not exist in canonical complementary-stranded duplexes. The longer complementary duplexes of these trinucleotide repeats exhibited anomalous gel migrating bands due to slippage of single strands in the duplex . It is, therefore, interesting to ®nd that (GAA) Á (TTC) share the common feature of being structurally diverse and dynamic with other disease-related TRs.
While the determination of the thermodynamic parameters for the formation of each structure was beyond the scope of this study, the relative stability of the various structures deserves comment. First, as expected, the aps-duplex, when G N7 is not methylated, is more favored than the psduplex, since it is present in all conditions and all strand ratios. G N7 methylation results in a change of the relative order of stability so that the psduplex is in excess compared to the aps-duplex. Second, the aps-duplex favorably competes with the YRY triplex even at a 1:2 (GAA):(TTC) stand ratio at pH 6.4 and above. Finally, the ps-duplex and the YRY triplex form at different pH conditions with high pH favoring the ps-duplex and lower pH favoring the triplex. However, when the triplex formation is prohibited at pH 5.0 by G N7 methylation, ps-stranded DNA is observed. This Table 1 . Summary of simultaneous structure formation at different (GAA) :(TTC) ratios and pH (GAA) : (TTC) pH 5.0-6.4 pH 8.3
1:0 Self-structured (GAA) b,c,d
Self-structured (GAA) b,c 4:1 Antiparallel Self-structured (GAA) a,c Antiparallel Self-structured (GAA) rc ( suggests that the ps-duplex could form under the conditions in which the YRY triplex forms as long as the formation of the triplex could be suppressed, as achieved by G N7 methylation. However, the possibility that methylation improved the stability of the ps-duplex cannot be ruled out. The analyses of the equilibrium among the various structured forms demonstrates that their presence is highly sensitive to a ®ne energy balance that is greatly in¯uenced by related conditions or environmental factors of these molecular systems.
Biological implications
(GAA) Á(TTC) is a unique family of triplet repeats that is not GC-rich and yet undergoes dynamic expansion in the X25 gene and leads to hereditary neurological/neuromuscular diseases. Although various mechanisms of the genetic mutation are under debate, a common theme is that the triplet is able to form stable non-B-DNA structures. Thus, triplet repeat instability speci®c to (CGG) Á(CCG), (CAG) Á(CTG) and (GAA) Á(TTC) is likely to depend on the formation of an unusual DNA structure during DNA replication, repair or recombination. In the case of replication, prior to secondary structure formation in either the leading or the lagging strand, replication pausing occurs , which may cause polymerase dissociation, strand slippage and secondary structure formation, followed by resynthesis of templated repeats. There is increasing evidence that longer repeat tracts generate more stable structures with greater probability for expansion (Pearson & Sinden, 1998a,b) . Our investigation demonstrates that several forms of stable structures may be associated with the GAA and TTC repeats. These include the self-structured ssGAA, the aps and the ps-duplexes of ssGAA and ssTTC strands, and the YRY triplex containing one ssGAA and two ssTTC strands. We have demonstrated that ssGAA may not easily fold into hairpins like other disease-related TR sequences and that the various structures that do form co-exist in dynamic equilibria, depending on environmental conditions. These are unique features of GAA and TTC repeats, the expression of which should affect their genetic stability and their presentation to other interacting molecules, such as proteins. The solution properties of the GAA and TTC oligonucleotides revealed by this and other studies form a basis for further characterization and examination of longer TRs and provide insights into the biological activities of these mutable sequences.
Our design of GAA and TTC TR oligonucleotides has permitted revelation of a parallelstranded structure formed from complementary strands, whose formation is sensitive to the 5 H -end chemistry (i.e. OH or PO 4 ) of the TTC strand. This effect could be argued to be due to the altered`f raying'' at the ends of the DNA. It may not be simply a coincidence that the 5 H -ends of the Okazaki fragments, produced during semiconservative DNA replication, are transiently dephosphorylated (Pohjanpelto & Holtta, 1996) . Perhaps this transient state could facilitate alternative structure formation during DNA replication or Okazaki fragment processing. Interestingly, the activity of FEN-1, a protein required for Okazaki processing, is sensitive to the 5 H -end chemistry of the Okazaki fragment (Wu et al., 1996) . It was suggested that a 5 H -end phosphate at a nick facilitates DNA fraying and favors the loading of FEN-1 to cleave exonucleolytically (as opposed to cleaving endonucleolytically). Saccharomyces cervevisiae that are mutant in FEN-1 (rad27) allow for large expansions of (CTG) Á(CAG) repeats (Freudenreich et al., 1998) .
In conclusion, (GAA) Á (TTC) triplet repeat sequences have the versatility to form various alternative structures including the YRY triplex and parallel-stranded DNA formed from complementary strands. This information will prove to be of interest towards offering a complete molecular basis for instability of (GAA) Á(TTC) and other TRs.
P chemical shift (10 mM sodium phosphate at pH 7.0, referenced to trimethyl phosphate at 0.0 ppm, 25 C) versus pH meter reading. MgCl 2 was used for Mg 2 experiments. For all other experiments, the HPLC puri®ed oligonucleotides were further resolved on 8 M urea/20 % polyacrylamide denaturing preparative gels. The desired bands were visualized using UV-shadowing at 254 nm, excised and eluted overnight in 1 M NaOAc, 2 mM EDTA at 37 C. These samples were de-salted by EtOHprecipitation (75 %) at À70 C then resuspended in 10 mM Tris-HCl (pH 7.5) to a concentration of 120 mM. The extinction coef®cients at 260 nm (e 260 ) of (GAA) 4 G and C(TTC) 4 were estimated by the nearest-neighbor method (Cantor et al., 1970) to be 1.52 Â 10 5 and 1.01 Â 10 5 l/(mol/cm), respectively. Where indicated in the text, stoichiometric strand ratios reported were determined by P 1 -nuclease digestion (one unit of P 1 -nuclease in 50 mM NaOAC, 0.1 mM ZnCl 2 (pH 5.2) for two hours at 55 C) yielding monophosphate nucleotides. Further digestion by phosphatase (two units of phosphatase, pH 9.0 for 1.5 hours at 37 C) gave deoxyribonucleotides which were resolved using analytical HPLC (data not shown). The ratio of the peak areas of dG:dC at 278 nm determined (GAA) P NMR data acquisition, water signal suppression and data processing were performed as previously described (Zheng et al., 1996) . 1D 1 H spectra were recorded for titration of the complementary sequences, and for monitoring of temperaturedependent spectral changes. 2D NOESY spectra of the 1:1 (GAA) 
UV experiments
UV experiments were carried out on a Varian Cary 3E spectrophotometer equipped with a peltier temperaturecontrolled 12-cells holder. UV samples were prepared by diluting the corresponding NMR sample using NMR buffer to reach a 260 nm absorption between 0.5 and 1 (concentrations $3-10 mM depending on sequences). Thermal melting curves were recorded at 260 nm from 0 to 95 C and back to 0 C with a gradient of 0.5 deg. C/ minute and thermodynamic parameters were extracted as previously described (Zheng et al., 1996) .
Gel electrophoresis experiments
Denaturing gel electrophoresis experiments were performed using 39 cm Â 33 cm and 0.4 mm thick gel prepared with 8 M urea and 20 % polyacrylamide (38:2 (w/w) acrylamide:bis-acrylamide). 1Â TBE (89 mM Tris, 90 mM borate, 2 mM EDTA, pH 8.3) was used as the running buffer. Each gel was pre-run for 30 minutes and electrophoresed at 2000 V. DNA samples were dried under vacuum, resuspended in formamide (5 ml), denatured at 95 C for three minutes, transferred onto ice, and loaded immediately.
Native gel electrophoresis experiments were performed on 9 cm Â 13 cm and 1.5 mm thick gels prepared with 20 % polyacrylamide (29:1 acrylamide:bis). Either 1Â TBE (pH 8.3) or TAE (15 mM Tris, 33 mM NaOAc, 2 mM EDTA, pH 5.0) was used as running buffer. Each gel was pre-run for 30 minutes and electrophoresed at 4 C at 104 V for $22 hours. For experiments including MgCl 2 , 20 mM MgCl 2 was added and 2.5 l/hour recirculation applied between the upper and lower tanks. Unless stated otherwise, unlabeled and labeled singlestranded samples were diluted to 5 mM and 25 nM ($200,000 cpm), respectively. For each lane, 3 ml of the appropriate 5
H -end labeled strand (8 Â 10 À5 nmol) was mixed with a total of 4 ml (2 Â 10 À2 nmol) of unlabeled strands (different (GAA) :(TTC) ratio at constant DNA concentration). The mixture was diluted with 1 ml of 10Â NMR buffer and distilled water to a total volume of 10 ml. After 30 minutes of hybridization at room temperature, 5 ml of 40 % (w/w) sucrose was added and the samples loaded. Running markers (bromophenol blue and xylene cyanol) were not directly added to the samples but were loaded in separate lanes. Each gel also included a radiolabeled 12-mer duplex ((CG) 2 T 4 (GC) 2 Á (GC) 2 A 4 (CG) 2 ) and a radiolabeled 15-mer duplex ((CGG) 5 Á (CCG) 5 ) as size markers. Following electrophoresis, gels were wrapped in cellophane and exposed to X-ray ®lm (Kodak). Where indicated gels were stained by Stains-All (Sigma), as described (Zeiger et al., 1974) and photographed using an Eagle-Eye camera.
Enzyme reactions
P-labeling
5
H -End labeling was performed typically using 400 ng of oligonucleotide using [g-32 P]ATP (NEN), T4 polynucleotide kinase (USB) and conditions recommended by the manufacturer. Excess ATP was removed by NAP-5 columns (Pharmacia Biotech) and oligonucleotides were puri®ed by ethanol-precipitation.
Enzymatic digestions experiments
Samples were prepared as described in the Gel electrophoresis experiments section and the mixed ssGAA and ssTTC (pH 5.0 or 8.0 as indicated in the text) were allowed to hybridize for 30 minutes. Appropriate amounts of Exo III (New England Biolabs, MA) in a buffer solution (®nal concentration 66 mM Tris (pH 8.0), 5 mM MgCl 2 ) was added to oligonucleotides (®nal volume of 10 ml). The enzyme concentrations used were 0Â, 1Â, 10Â, 100Â and 1000Â, where 1Â corresponds to 0.02 unit of enzyme per nmol of DNA. After 25 minutes of the enzymatic reaction at room temperature, the reaction was stopped by adding EDTA (5 ml, 45 mM) in aqueous sucrose solution (40 % (w/w)) and stored on ice until loading onto a gel.
Methylation reactions
The methylation of G N7 in ssGAA was carried out using DMS and 32 P-labeled ssGAA. The oligonucleotide (48 mmol of 32 P-labeled (GAA) 4 G, 3 Â 10 6 cpm) was dissolved in a solution (50 ml) containing sodium cacodylate (50 mM, pH 7.0), EDTA (1 mM) and incubated with 4 ml of DMS at room temperature for 30 minutes. This step was repeated once with an additional 4 ml of DMS. The reaction was stopped by addition of a solution containing NaAcOH (25 ml, 1.5 M, pH 7.0) and b-mercaptoethanol (1 M). The methylated oligonucleotide was ethanol-precipitated twice. The concentration of the sample was adjusted with 10 mM Tris-HCl (pH 7.5) to 5 mM (as measured by the radioactivity) and used immediately after the reaction as described in Results. The complete methylation of all G N7 positions was con®rmed by treating an aliquot of the DMS-treated (GAA) 4 G sample with piperidine under standard conditions (Maxam & Gilbert, 1980) . Denaturing polyacrylamide gel analysis of this sample showed the characteristic bands (data not shown).
Intercalator binding assay DNA samples of different (GAA) :(TTC) ratios (0.2 nmol) were resolved on native gel electrophoresis as described above and stained essentially as described (Rippe & Jovin, 1992) . Brie¯y, the gel was ®rst stained in a 15 mg/ml BBI-258 (Sigma, MO) solution for 15 minutes, destained 30 minutes, then stained in a 1 mg/ml ethidium bromide (Sigma, MO) solution for 15 minutes. Bands were visualized using a UV transluminator and photographed using the appropriate ®lter.
